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Keywords: Antiphospholipid antibodies (aPLs), present in 1-5 % of healthy individuals, are associated with the risk of 
Antiphospholipid antibodies antiphospholipid syndrome (APS), which is the most common form of acquired thrombophilia. APLs may appear 
Ce . following infections or vaccinations and have been reported in patients with COronaVIrus Disease-2019 (COVID- 
coup beams 19). However, their association with COVID-19 vaccination is unclear. Notably, a few cases of thrombocytopenia 
Immunothrombosis 


and thrombotic events resembling APS have been reported to develop in recipients of either adenoviral vector- or 
mRNA-based COVID-19 vaccines. 

The aim of this review is therefore to speculate on the plausible role of aPLs in the pathogenesis of these rare 
adverse events. 

Adenoviral vector-based vaccines can bind platelets and induce their destruction in the reticuloendothelial 
organs. Liposomal mRNA-based vaccines may instead favour activation of coagulation factors and confer a pro- 
thrombotic phenotype to endothelial cells and platelets. Furthermore, both formulations may trigger a type I 
interferon response associated with the generation of aPLs. In turn, aPLs may lead to aberrant activation of the 
immune response with participation of innate immune cells, cytokines and the complement cascade. NETosis, 
monocyte recruitment and cytokine release may further support endothelial dysfunction and promote platelet 
aggregation. These considerations suggest that aPLs may represent a risk factor for thrombotic events following 
COVID-19 vaccination, and deserve further investigations. 





1. Introduction 


The year 2021 started with the hope of definitely defeating the 
COronaVIrus Disease 2019 (COVID-19) pandemic with introduction of a 
global vaccination plan. COVID-19 is an infectious disease driven by an 
enveloped single stranded (ss) RNA virus, called Severe Acute Respira- 
tory Syndrome Coronavirus 2 (SARS-CoV-2). The outbreak initiated in 
Wuhan in the Fall of 2019 has rapidly spread across the globe [1]. The 
disease is characterized by high morbidity and mortality rates, but its 
course is extremely unpredictable and ranges from asymptomatic in- 
dividuals to cases with life-threatening complications, like disseminated 
intravascular coagulopathy (DIC) or acute respiratory distress syndrome 
(ARDS) [2]. The elderly, being male and chronic comorbidities are 
considered risk factors for worse prognosis [3]. The tendency towards a 
hyper-coagulable status represents one of the most emblematic aspects 
of COVID-19, and negatively influences the prognosis of the disease [4]. 


* Corresponding author. 


Although antiphospholipid antibodies (aPLs) have been detected in the 
serum of COVID-19 patients, their role in driving thrombosis is uncer- 
tain [5-8]. APLs are notoriously associated with the antiphospholipid 
syndrome (APS), an immune-mediated thrombophilia with predisposi- 
tion to recurrent episodes of arterial and venous thrombosis, foetal loss, 
as well as other obstetric complications [9]. APS has a multifactorial 
pathogenesis and infections are recognized to be among the environ- 
mental triggers of the disease [10]. Molecular mimicry may induce 
generation of cross-reacting antibodies directed against microbial and 
self-epitopes, including protein-phospholipid complexes. Furthermore, 
in asymptomatic and untreated patients having pre-existent aPLs, in- 
fections may trigger pro-inflammatory cascades able to promote devel- 
opment of a full-blown APS. It is possible that the same scenario can take 
place following parenteral inoculation of vaccines, including those 
formulated against SARS-CoV-2. Several months after the introduction 
of mass COVID-19 vaccination campaign, concerns were raised as to the 
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plausible association between unexpected thromboembolic events and 
COVID-19 vaccines. Currently available COVID-19 vaccination strate- 
gies include mRNA-based (BNT162b2 and mRNA-1273) and adenoviral 
vector-based (ChAdOx1-S and Ad26.COV2) formulations. The safety 
profile of ChAdOx1-S was recently reviewed by the European Medicines 
Agency (EMA) Pharmacovigilance Risk Assessment Committee (PRAC), 
due to several reports of blood clotting events developing days to weeks 
after the first or second injection of the vaccine [11]. Given the nu- 
merical imbalance in clinical trials, venous thromboembolism was also 
included amongst the safety concerns of the Risk Management Plan 
(RMP) of the adenoviral vector-based COVID-19 vaccine Ad26.COV2 
[12]. On April 14th 2021 the Food and Drug Administration (FDA) 
paused the use of the Ad26.COV2 vaccine in the United States (U-S.), 
following the notification of 6 cases of thrombocytopenia and cerebral 
venous sinus thrombosis occurring in female recipients aged 18 through 
48 years [13]. The link connecting COVID-19 vaccines to thrombotic 
events is however unclear, although an immune-mediated mechanism, 
akin to what happens in APS, could be a possibility. Furthermore, the 
majority of vaccinated people who developed severe coagulation dis- 
orders were young women, who also represent the target population of 
APS [14,15]. 

This review aims to discuss the potential role of aPLs as a pathoge- 
netic contributor to the thrombotic events following COVID-19 
vaccination. 


2. Antiphospholipid antibodies and antiphospholipid syndrome 


APLs consist of a heterogeneous group of autoantibodies, recog- 
nizing anionic phospholipids or aggregates of proteins and phospho- 
lipids. These antibodies represent the pathognomonic biomarker of APS, 
the most common cause of acquired thrombophilia in individuals who 
are less than 50 years old [16]. APS can be associated with systemic 
lupus erythematosus (SLE) in 10-15 % of cases, although an isolated 
positivity of aPLs is far more common in these patients [17]. The 
aforementioned infections sustained by bacteria, viruses and yeasts can 
elicit production of aPLs based on a mechanism of molecular mimicry 
[10]. Specifically, the cofactor 62-glycoprotein I, which consists of a 
highly immunogenic five domain-glycoprotein, displays molecular ho- 
mology with several microbial peptides [10]. B2-glycoprotein I is able to 
bind either the endothelium or anti-cardiolipin antibodies (aCLs) and 
can mediate aPL-induced damage on endothelial cells [10]. Infections 
can also lead to synthesis of anti-62-glycoprotein I antibodies, which 
have been recognized as the most pathogenic in APS [18]. APLs may 
temporally appear during infections or also following vaccinations [19]. 
Importantly, detection of these antibodies has also been reported in 
patients with COVID-19 [7,8], but the connection with thromboembolic 
events is unclear. The solely presence of aPLs in the bloodstream is in 
fact not sufficient for the development of APS. It has been estimated that 
aPLs can be detected in 1-5 % of young healthy individuals and their 
prevalence increases in the elderly and in people with chronic diseases 
[20]. A “two hit theory” has therefore been proposed, according to 
which, in addition to circulating aPLs, a second trigger would be 
necessary for the development of a full-blown APS [21]. Infections or 
chronic diseases, like SLE or cancer, might create a favourable 
pro-inflammatory background, and contribute together with aPLs to the 
coagulation cascade [19]. Furthermore, such pathological conditions 
may also represent precipitating factors for catastrophic APS, a 
life-threatening disorder occurring in less than 1% of APS patients and 
characterized by the massive activation of the coagulation cascade that 
can lead to rapid multiorgan failure [19]. 

The variable spectrum of aPL-related manifestations, going from 
asymptomatic cases of seropositivity to DIC, has been attributed to the 
heterogeneity of these antibodies [9,22]. APLs that are routinely 
measured through laboratory tests include aCL and anti-§2-glycoprotein 
I IgA, IgM and IgG, while the lupus anticoagulant (LAC) clotting assay 
can indirectly show the presence of additional aPLs in case of a 
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paradoxical elongation of the activated partial thromboplastin time 
(aPTT) [9]. It has been shown that the triple positivity in these tests, an 
anti-$2-glycoprotein I IgG isotype, LAC positivity and high antibody ti- 
tres are associated with the risk of APS clinical manifestations [23]. 
Though anti-§2-glycoprotein I antibodies, especially if directed against 
the D1 domain of 62-glycoprotein I, are considered the most pathogenic, 
other studies have suggested that non-f2-glycoprotein I-binding aPLs 
may trigger pro-inflammatory and pro-thrombotic cascades in APS in- 
dividuals as well [9]. 

The mechanism through which aPLs induce thrombophilic status in a 
patient relies on an extremely intricate pathway which merges coagu- 
lation with immune response and is referred to as immunothrombosis 
[24]. The endothelium appears as a central player in this scenario, since 
it coordinates both immune cell behaviour and coagulation/fibrinolytic 
pathways. Hence, aPLs may drive thrombophilia as a result of a massive 
endothelial dysfunction. Under physiological conditions, the endothe- 
lium prevents coagulation, masking the pro-coagulant domains of the 
extracellular matrix (ECM) and hampering platelet aggregation. 
Key-molecules in this process are nitric oxide (NO) and prostaglandin Ip 
(PGIz) [25]. Endothelial cells also synthesize anticoagulant mediators, 
like protein C and anti-thrombin III (ATIID and the enzyme adenosine 
diphosphatase, which counteracts the adenosine diphosphate (ADP)-- 
mediated aggregation of platelets [26]. However, following a vessel wall 
damage or during inflammation, endothelial cells take on a 
pro-thrombotic phenotype, producing high amounts of platelet acti- 
vating factor (PAF) and von Willebrand factor (WF), which are instead 
usually embedded into ECM, with the following activation of platelets 
[27]. Furthermore, systemic inflammation can stimulate the secretion of 
tissue factor (TF) from endothelial cells and drive initiation of the 
coagulation cascade. The final conversion of pro-thrombin into 
thrombin can further induce endothelial cells to express adhesion mol- 
ecules for platelets and leukocytes, increasing vascular permeability and 
cell diapedesis. These effects would be mediated by the proteolytic ac- 
tivity played by thrombin on the protease-activated receptors (PAR) 
expressed on the plasma membrane of either platelets or endothelial 
cells [28]. Finally, endothelial cells may provide coagulation factors 
with the optimal substrate for starting the catalytic process of 
auto-activation. These steps are illustrated in Fig. 1. 

Pro-inflammatory cytokines, like tumor necrosis factor-« (TNF-a) 
and interferon-y (IFN-y), enhance expression of fragment crystallizable 
(Fc)-receptors on the surface of endothelial cells of the arterial, venous 
and microvascular tree [29]. These receptors can mediate the interac- 
tion with aPLs, resulting in endothelial dysfunction. Specifically, aPLs 
may favour expression of adhesion molecules for leukocytes and plate- 
lets and unbalance the secretion of vasoconstrictor and vasodilator 
mediators from endothelial cells, like endothelin-1 (ET-1) and NO, 
respectively. Moreover, aPLs may directly antagonize anticoagulant 
factors, like protein C, protein S and {2-glycoprotein I [30,31], and 
activate the innate immune system by triggering neutrophil extracel- 
lular trap (NET)osis and the complement cascade [32], Fig. 2. 

Anti-B2-glycoprotein I antibodies interact with the open conforma- 
tion of the B2-glycoprotein I. When this glycoprotein is attached to 
anionic phospholipids with its D5 domain, the concomitant binding of 
anti-B2-glycoprotein I antibodies on the remaining domains may create 
a bridge for monocytes that carry Fc receptors, consequently attracting 
these cells to the endothelium. On the other hand, after binding aPLs, 
monocytes would receive an activating signal, eventually resulting in 
secretion of pro-inflammatory cytokines, like interleukin-1$ (IL-1), 
TNF-a, and TF. In doing so, monocytes may additionally drive endo- 
thelial cells to the acquisition of a pro-coagulant phenotype. 

Anti-B2-glycoprotein I antibodies may also induce NETosis. $2- 
glycoprotein I has in fact been detected on neutrophil surfaces, and 
thrombi developing in APS murine models were reported to contain a 
large amount of NETs [32]. NETosis may give rise to disseminated 
coagulopathy in a physiological attempt to constrain the dissemination 
of pathogens. NETs can stimulate platelets, activate the coagulation 
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Fig. 1. The pro-coagulant and anticoagulant properties of endothelium in health and disease. 

The endothelium physiologically prevents coagulation by releasing vasodilating and anticoagulant mediators, such as nitric oxide, protein C and anti-thrombin III, 
and by masking pro-coagulant mediators (tissue factor, platelet activating factor and von Willebrand factor) embedded in the subendothelial extracellular matrix. 
Following a break in this homeostasis as a result of injury, systemic inflammation or sepsis, the endothelium acquires a pro-coagulant and pro-inflammatory 
phenotype, unmasking or even secreting pro-coagulant mediators, attracting and activating polymorphs and platelets and inducing the coagulation cascade. Acti- 
vated neutrophils may release neutrophil extracellular traps, reactive oxygen species, cytokines and enzymes, further contributing to local inflammation and 


thrombus development. 


Abbreviations: NO, nitric oxide; ATII, anti-thrombin III; TF, tissue factor; ECM, extracellular matrix; PAF, platelet activating factor; WF, von Willebrand factor; PLT, 
platelet; ROS, reactive oxygen species; CKs, cytokines; NET, neutrophil extracellular trap. 


factors in a contact-phase manner, stabilize thrombi and impede their 
degradation by fibrinolytic enzymes [32]. Some studies also suggest that 
NETosis may be associated with aPL-mediated thrombosis through an 
unbalanced synthesis of cyclic AMP (cAMP) in neutrophils [33]. Other 
researchers showed that the anti-62-glycoprotein I/62-glycoprotein I 
complex may stimulate the generation of reactive oxygen species (ROS) 
in neutrophils by means of an alternative pathway to p38, AKT, ERK1/2 
or zinc signaling [34]. Neutrophils of APS patients display enhanced 
adhesion to endothelium and hyper-express several membrane markers, 
like CD64, Mac-1 and 62-glycoprotein I, which may mediate the inter- 
action with aPL IgG [35]. Cofactor-independent aPLs might activate 
plasmacytoid dendritic cells through an alternative pathway and favour 
the secretion of type I IFN and the activation of the complement cascade, 
both crucial steps for recruitment of neutrophils to endothelium and 
NETosis. Like anti-62-glycoprotein I antibodies, cofactor-independent 
antibodies could induce platelet activation and switch endothelial 
cells towards a pro-coagulant and vasoconstrictor phenotype [9]. 

APS is often associated with a depletion in circulating platelets and 
aPLs may be detected in up to 50 % of subjects affected by immune 
thrombocytopenic purpura [36]. The mechanism underneath throm- 
bocytopenia in APS is partially understood and likely dependent on the 
massive destruction, aggregation and sequestration of platelets in the 
vascular system. Besides endothelium, platelets are essential pro- 
tagonists of APS pathogenesis. Platelets may in fact directly interact with 
aPLs by means of their FcyRIla or via the binding of anionic phospho- 
lipids placed on their membrane with aCL antibodies, which may in turn 
be engaged with anti-62-glycoprotein I antibodies [37]. Activated 
platelets can orchestrate a complex network together with immune and 
endothelial cells. This scenario encompasses the release of chemokines, 
like platelet factor 4 (PF4) that has a crucial role in §2-glycoprotein I 
binding, the expression of leukocyte adhesion molecules and the acti- 
vation of complement and coagulation cascades. Furthermore, activated 
platelets are able to secrete microparticles rich in negatively charged 
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phospholipids, receptors, and pro-inflammatory and pro-coagulant 
mediators. In SLE patients, who often suffer from autoimmune throm- 
bocytopenia, aPLs can favour platelet activation by means of a complex 
network of interactions, which include the binding to FcyRIla on 
platelets’ surface and complement deposition [38]. 


3. Antiphospholipid antibodies and COVID-19 


Growing evidence is linking COVID-19 to a status of hypercoagula- 
bility. The latter seems to depend on the development of an extremely 
severe systemic immune response, namely a cytokine storm, which may 
in turn be the forerunner of DIC. Elevated serum levels of D-dimer and 
fibrinogen and prolonged prothrombin time and aPTT are common 
findings in COVID-19 patients with more aggressive disease [4]. 
SARS-CoV-2 infection may activate numerous signaling pathways 
within immune cells, which may result in cytokine release, NETosis, 
complement and coagulation cascade activation, as well as TF secretion, 
platelet recruitment and fibrinolysis inhibition. NETosis has especially 
been considered as an important pathogenic step that contributes to 
COVID-19 hypercoagulability [39]. The stimuli derived from either viral 
infection or the antiviral immune response can force endothelial cells to 
acquire a pro-thrombotic phenotype [4]. In this scenario, aPLs may play 
a further role in sealing the interconnection between inflammation and 
coagulation. Several studies have shown the presence of aPLs in the 
serum of COVID-19 patients, yet the association with thrombotic events 
remains controversial. Nevertheless, the use of heparin, intravenous 
immunoglobulins and certain antibiotics may be effective in controlling 
the disease, a result that may be partly due to eradication of super- 
imposed microbial infections, which secondarily trigger production of 
aPLs [40-42]. A systematic review and meta-summary of literature 
focusing on the occurrence of acute ischemic stroke in 
SARS-CoV-2-infected individuals found a high prevalence of aPLs in 
these patients, with LAC being positive in 41.7 % of cases [43]. The 
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Fig. 2. The potential role of aPLs in the pathogenesis of immunothrombosis. 


Autoantibodies recognize the B2 glycoprotein I fixed to anionic lipids and attract mononuclear cells, platelets and neutrophils to the endothelium by binding the FcR 
expressed on these cells. Following this interaction, monocytes release cytokines, further recruiting immune cells and polarizing endothelial cells towards a pro- 
inflammatory and pro-coagulant phenotype. Neutrophils are induced to release neutrophil extracellular traps under the stimulus of IFNa and IFNf, in turn pro- 
duced by plasmacytoid dendritic cells, and of other mediators, including the complement factors activated by immunocomplexes. Platelets secrete platelet factor 4, 
which binds to 62 glycoprotein I and favours the attachment of anti-62 glycoprotein I antibodies. Platelets may also directly bind anticardiolipin antibodies. Finally, 
the release of endothelin 1 and tissue factor at the expense of nitric oxide and prostaglandin I triggers the coagulation cascade. 

Abbreviations: aCL, anticardiolipin antibody; anti-B2GPI, anti-B2 glycoprotein I antibody; B2GPI, B2 glycoprotein I; FcR, fragment crystallizable receptor; pDC, 
plasmacytoid dendritic cell; IFN, interferon; NETs, neutrophil extracellular traps; ET1, endothelin 1; TF, tissue factor; NO, nitric oxide; PGI2, prostaglandin Iz; ROS, 


reactive oxygen species; PF4, platelet factor 4. 





authors reviewed 39 studies for a total of 135 patients (mean age 63.4 + 
13.1 years) and estimated a pooled incidence of ischemic stroke being 
1.2 %, however, information regarding the aPL status was available only 
in 16 cases. ACL IgM, IgG and IgA were found in 20 %, 0% and 42.9 % of 
tested COVID-19 individuals, respectively, whilst anti-62-glycoprotein I 
IgM, IgG and IgA were present in 10 %, 38.5 % and 42.9 % of tested 
patients, respectively [43]. The clinical meaning of these laboratory data 
is unknown since a control group was not provided, and the pathogenic 
role of some detected aPLs, like those belonging to the IgA isotype, is 
doubtful. Another study analyzed the prevalence of serum aPLs and their 
epitope specificity in a cohort of 122 COVID-19 patients, 16 of whom 
had major thrombotic events [44]. The authors found that anti-- 
62-glycoprotein I IgG/IgA/IgM were the most frequently detected aPLs 
present in 15.6/6.6/9.0 % of patients, respectively, followed by aCL and 
anti-phosphatidylserine/prothrombin antibodies. Interestingly, no sig- 
nificant associations between the risk of thrombotic events and aPL 
positivity were observed. It should be noted that anti-62-glycoprotein I 
antibodies identified in these patients displayed a different epitope 
specificity when compared to aPLs that appear during APS. 


4. COVID-19 vaccines and antiphospholipid antibodies 


Some preclinical and clinical studies have shown that aPLs, with or 
without APS clinical manifestations, may appear in serum of individuals 
that received the tetanus toxoid, seasonal influenza and human papil- 
lomavirus vaccines [45-48]. The main underlying mechanism would be 
cross-reactivity between antigenic epitopes present in the vaccine for- 
mulations and self-epitopes [49]. The real pathogenic role of these an- 
tibodies is still debated, but they may contribute to thrombotic events 
following COVID-19 vaccination. However, the generation of aPLs may 
represent the additional straw that breaks the proverbial “camel’s back” 
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within a more complex pathogenetic scenario that involves the expres- 
sion of SARS-CoV-2 structural proteins, including the spike protein 
which is used in the current mRNA- and adenoviral vector-based 
vaccines. 


4.1. Adenoviral vector-based vaccines 


Recently, several concerns arose regarding the post-marketing side 
effects of the chimpanzee adenovirus encoding the SARS-CoV-2 spike 
glycoprotein ChAdOx1-S vaccine which has been marketed by Astra- 
Zeneca [50]. Several cases of blood clot formation in unusual vascular 
districts, like the mesenteric vein or cerebral vein/cerebral venous sinus, 
in otherwise healthy individuals have been reported throughout the 
European Union [11]. Such adverse events did not emerge during the 
phase II/III randomized controlled trial (RCT) [51]. On March 18th 
2021 the EMA Safety Committee admitted that the administration of the 
vaccine may be associated with an increased risk of thrombocytopenia 
and thrombosis in unusual vascular districts. However, the PRAC also 
stated that this is a rare event and no causal relationship can be proven 
[11]. Notably, these events were mainly reported occurring in women 
less than 50 years old, which imposes a tight post-vaccination follow-up 
in case of suspicious symptoms in this cohort of individuals [14]. 
Similarly, the vaccination campaign with the Johnson & Johnson 
adenoviral vector-based COVID-19 vaccine has been recently halted in 
the U.S. over rare blood clots developing in young female recipients. 

The association between thrombocytopenia and adenoviral vector- 
based vaccines is however not new. In 2007, Stone et al. showed that 
the intravenous administration of recombinant adenovirus serotype 5 
(Ad5) vectors for gene therapy in hCD46Ge transgenic mice unexpect- 
edly triggered the coagulation cascade, with platelet activation and 
sequestration in the hepatic reticuloendothelial system [52]. 


R. Talotta and E.S. Robertson 


Specifically, the authors showed that inoculation of the Ad5-vaccine 
induced a rapid aggregation of platelets, which may be at the basis of 
thrombocytopenia, and increased the serum concentration of the coag- 
ulation markers CD62p and D-dimer. The hyper-expression of CD62p in 
platelets was associated with high circulating levels of WF, endothelial 
activation and leukocyte recruitment. Finally, macrophages and endo- 
thelial cells placed in liver sinusoidal vessels were reported to uptake 
and remove the aggregates composed by the Ad5-vaccine and platelets 
[52]. Therefore, platelets may work as transporters of viral particles 
from the site of inoculation to the reticuloendothelial system, and this 
mechanism may explain the occurrence of a thrombocytopenia or a 
full-blown thrombotic thrombocytopenic purpura during adenoviral 
infections or following vaccinations that exploit this type of viral vec- 
tors. Moreover, a phase I RCT investigating the safety of a prototype 
recombinant adenoviral-vector serotype-35 (rAd35) HIV vaccine 
described an in vitro aPTT elongation in recipients, in turn related to 
transient appearance of aPLs. This event was observed in 4 cases out of 
25 and resolved in 14-150 days without being associated with any 
clinical manifestations [53]. Similar results were also reported in 
another trial using first-generation adenoviral vectors for gene therapy 
in prostate cancer patients [54]. 

It must be underlined that the formation of blood clots remains a rare 
adverse event that developed in a minority of ChAdOx1-S and Ad26. 
COV2 vaccine recipients. In these subjects, pre-existent aPLs might 
predispose to this complication, acting as the first trigger in a two hit 
pathogenetic scenario, although this is not determined a priori. How- 
ever, it is well-known that adenoviral infections can elicit a de novo 
synthesis of anti-62-glycoprotein I antibodies through a molecular 
mimicry mechanism [10]. 

A recent paper authored by Greinacher et al. describes a small case 
series of 9 Austrian and German individuals, who developed thrombotic 
events and thrombocytopenia 4-16 days after receiving the ChAdOx1-S 
vaccine [55]. The cohort included 8 females and one male with a median 
age of 36 years. The coagulation disorder was fatal in 4 cases and 
deceased subjects had a strong positivity for anti-PF4 antibodies. 
Notably, one of the individuals included in the case series was also 
positive for aPLs but the authors did not specify whether this condition 
was a predisposition for a worse outcome. PF4 is regarded as the main 
62-glycoprotein I-interacting factor and, according to in vitro and in silico 
studies, anti-82-glycoprotein I antibodies selectively bind §2-glycopro- 
tein I that is complexed to PF4 [56]. The formation of such immuno- 
complexes can give rise to platelet activation through p38MAPK 
phosphorylation and release of thromboxane B2 [56]. It may be hy- 
pothesized that the binding of anti-62-glycoprotein I antibodies to their 
ligand unmasks epitope domains of PF4, inducing the subsequent gen- 
eration of anti-platelet PF4 antibodies. As a consequence, the dual action 
of both anti-62-glycoprotein I and anti-PF4 autoantibodies would 
greatly increase the risk of disseminated thrombosis. 


4.2. mRNA-based vaccines 


The effect of COVID-19 mRNA-based vaccines on the coagulation 
pathway is still raising some level of discussion. Although there were no 
safety issues that emerged in clinical trials compared to the placebo 
group [57,58], one case report did describe the development of deep 
vein thrombosis in a 66-year-old woman with no prior coagulation de- 
fects one day after receiving the second dose of the BNT162b2 vaccine 
[59]. However, several studies have shown that extracellular RNA may 
take part in the coagulation cascade. Extracellular RNA may be pro- 
duced in high amounts during sepsis or cancer, two pathological con- 
ditions typically associated with a pro-coagulant status [60,61]. 
Nakazawa et al. observed that RNA obtained from different sources 
(rRNA, tRNA, viral and artificial RNA) and at least 100 nucleotides in 
size can trigger the extrinsic coagulation cascade through an alternative 
pathway [62]. This mechanism encompasses the RNA-mediated acti- 
vation of the factor VII-activating protease (FSAP), which in turn can 
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activate the coagulation factor VII regardless of the presence of TF and 
with a coagulation factor VIII-inhibitor bypassing activity [62]. In 
another study, different types of eukaryotic and prokaryotic extracel- 
lular RNAs containing at least 50 nucleotides, but not DNA, were shown 
to interact with fibrillar collagen and fibrin, coagulation factors XII and 
XI, prekallikrein and kininogen [63]. RNA molecules were reported to 
work as a natural foreign substrate promoting the protease activation of 
the coagulation factors XI and XII and thus initiating the coagulation 
cascade. These effects were typically inhibited by RNases, which may be 
constitutionally secreted by endothelial cells [64], reinforcing the cen- 
tral role played by the endothelium in counterbalancing the 
pro-coagulant activity of foreign or self RNA released during infections 
or cell damage. It is also plausible that mRNA-based vaccines may not be 
exempted from the risk of a coagulopathy unleashed through these two 
mechanisms. Although this phenomenon would mostly follow paren- 
teral inoculation of naked mRNA formulations [65], a leak in the lipo- 
somal delivery carriers allowing the outer release of mRNA cannot be 
excluded for COVID-19 vaccines. 

The relationship between mRNA vaccinations and aPLs is unknown. 
Ribonucleic acids, like mRNAs, may trigger a type I IFN response in 
target cells following interaction with pattern recognition receptors 
(PRR) placed in the cytosol and endosomes [66]. Several studies have 
underscored the connection between a type I IFN signature and primi- 
tive or SLE-related APS. In SLE-related APS, a type I IFN signature was 
associated with moderately high titres of anti-§2-glycoprotein I anti- 
bodies, APS disease activity and time to onset, and obstetric complica- 
tions [67]. Additionally, nucleic acids may foment NETosis, which 
represents a facilitating mechanism for thrombosis [32]. 

Due to their nucleic acid structure, mRNA-based vaccines are highly 
immunogenic and might precipitate the development of APS in 
asymptomatic aPL-positive individuals following the instauration of a 
markedly pro-inflammatory background (second hit). A few papers re- 
ported the detection on 18F-fluorodeoxyglucose positron emission to- 
mography/computerized tomography (PET/CT) of local (deltoid muscle 
and lymph nodes) and systemic signs of inflammation in patients being 
inoculated with both mRNA-1273 and BNT162b2 vaccines [68-71]. 
Notably, in contrast with the imaging findings and notwithstanding the 
elevated serum levels of D-dimer and C-reactive protein (CRP) and 
increased erythrocyte sedimentation rate (ESR) in one case [68], pa- 
tients complained of no to minimal clinical side effects. 

A further argument linking mRNA-based vaccines to immuno- 
thrombosis is their molecular resemblance to cellular vesicles, which 
play a central role in endothelial and platelet communication and ho- 
meostasis. The secretion and exchange of vesicles encapsulating mo- 
lecular mediators has in fact been described as a crucial means of 
establishing a cross-talk between these cells [38,72]. Based on their 
diameter, these vesicles can be classified as microparticles (> 100 
nanometers) or exosomes (< 100 nanometers) [72]. Both microparticles 
and exosomes may carry activated cytokines, like IL-1$, and nucleic 
acids, like RNA. Studies have shown that inflammation and ROS gen- 
eration may drive platelets to release microparticles rich in oxidized 
mitochondrial DNA, which may engage Toll-like receptor (TLR)9 and 
drive a type I IFN response in plasmacytoid dendritic cells [38]. 
Furthermore, during viral infections, platelets establish a tight contact 
with neutrophils and express TLR7 that is able to recognize ssRNA. In 
consideration of the role of aPLs in inducing a type I IFN response and 
promoting translocation of TLR7 and TLR8 to the endosome in human 
monocytes and plasmacytoid dendritic cells [73], a role for aPLs in this 
delicate balance is certainly possible. The levels of circulating endo- 
thelial and platelet microparticles, measured by means of flow cytom- 
etry, appear to be significantly increased in patients with APS or 
aPL-positivity compared to healthy individuals [74]. An elegant in 
vitro study showed that human anti-§2-glycoprotein I antibodies may 
induce activation of resting endothelial cells by stimulating the 
inflammasome platform assembly and the secretion of extracellular 
vesicles containing IL-1$ [72]. Additionally, anti-62-glycoprotein I 
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antibodies activated resting endothelial cells through a TLR7-mediated 
pathway, which was attributed, at least in part, to the co-secretion of 
specific microRNAs [72]. TLR7 may however recognize other ssRNA 
molecules, including mRNA contained in COVID-19 vaccines [75]. 


5. Concluding remarks 


The aberrant activation of the coagulation pathway is a serious 
adverse event that rarely occurs following COVID-19 vaccination. 
However, it does represent an important clinical aspect of COVID-19. 
The missing link between the two conditions may be a consequence of 
the circulating aPLs that straddle between the coagulation system and 
the immune response. 

Currently available COVID-19 vaccines have received a conditional 
or emergency marketing authorization from the EMA and the FDA. The 
rapid developmental process may indeed raise some concerns, especially 
about potential long-term safety issues. Still, the benefits of the inter- 
vention on halting the spread of COVID-19 pandemic appear to 
outweigh the risks derived from a more long term characterization of the 
pharmacological profile of these compounds [76]. Furthermore, 
post-vaccination thrombotic events are deemed as extremely rare com- 
plications and there is uncertainty concerning the underneath patho- 
genetic mechanism. 

In spite of many anecdotal reports on the development of thrombotic 
events in recipients of COVID-19 vaccines, scientific evidence relying on 
published cases on peer-reviewed journals is limited. Nevertheless, les- 
sons from pre—COVID-19 vaccines taught that vaccine-related injuries 
may be identified several years following the date of the vaccine 
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campaign introduction and after a large number of individuals have 
been vaccinated [76]. In addition, side effects occurring in a minority of 
people belonging to specific populations (like aPL-positive subjects) may 
be underestimated. Regarding the issue of blood clots developing in 
recipients of COVID-19 vaccines, arterial thrombotic events appeared to 
be more common amongst older people, while young individuals seem 
more prone to suffer from venous thrombosis or DIC [77]. This obser- 
vation is in line with what is reported in APS, in which patients who are 
older and carry other cardiovascular risk factors tend to develop arterial 
ischemic events, while younger patients more commonly undergo 
venous thrombosis [37]. Given the clinical similarities between throm- 
botic events following COVID-19 vaccination and APS, we provide a 
pathogenic theory for this rare adverse event that encompasses a 
pre-existent or a de novo aPL positivity. Specifically, adenoviral 
vector-based vaccines may contain epitopes able to induce the synthesis 
of aPLs due to a molecular mimicry mechanism. Furthermore, this 
vaccine formulation would induce thrombocytopenia and platelet acti- 
vation. The mRNA-based vaccines may instead trigger a more complex 
pathway, characterized by activation of TLRs, generation a type I IFN 
response, NETosis and the direct initiation of the coagulation cascade. 
Due to their liposomal molecular structure, mRNA vaccines may also 
disrupt the physiological cross-talk occurring between platelets and 
endothelial cells, and drive these cells towards a pro-inflammatory and 
pro-coagulant phenotype. Late coagulation disorders occurring in re- 
cipients of COVID-19 vaccines might also be attributed to anti-idiotype 
antibodies, which usually develop after 1-3 months after immunization. 
It may be hypothesized that anti-idiotype antibodies reacting against 
anti-spike antibodies and carrying the internal image of the primitive 
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Fig. 3. Hypothetical immunothrombotic pathways triggered by COVID-19 vaccines. 

The left side of the picture depicts the potential scenario occurring after the administration of adenoviral vector-based vaccines. The latter may induce the aggre- 
gation of platelets and their sequestration into the reticuloendothelial system, hence contributing to thrombocytopenia and platelet activation. Furthermore, 
adenoviral epitopes may cross-react with epitopes within self-complexes of proteins and anionic lipids, giving rise to aPLs. Anti-spike antibodies may elicit after 
several weeks the generation of anti-idiotype antibodies, able to promote platelet activation through the interaction with platelet ACE2. The latter mechanism could 
potentially take place also after immunization with mRNA-based vaccines. 

The right side of the picture instead represents the scenario which may occur with the mRNA-based vaccine formulations. Minimal amounts of mRNA unwantedly 
released from liposomal capsules may activate Toll-like receptors in plasmacytoid dendritic cells and contribute to the synthesis of type I IFN-related cytokines. These 
may foment the production of aPLs from plasma cells and NETosis. Furthermore, mRNA may promote the initiation of the coagulation cascade by activating the 
coagulation factors VII, XI and XII. Finally, liposomal formulations may interfere with the physiological cross-talk occurring between platelets and endothelial cells 
and favour the activation of the inflammasome platforms into endothelial cells and thus the secretion of pro-inflammatory cytokines. 

Abbreviations: Ab, antibody; aPL, antiphospholipid antibody; ACE2, angiotensin-converting enzime 2; TLR, Toll-like receptor; pDC, plasmacytoid dendritic cells; 
NET, neutrophil extracellular trap; IFN, interferon. 
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antigenic determinant might recognize epitopes within the 
angiotensin-converting enzyme (ACE)2 expressed on platelets. The 
following binding of anti-idiotype antibodies to platelet ACE2 could 
favour platelet aggregation and activation in a similar way to 
SARS-CoV-2 infection, Fig. 3 [78]. Anti-idiotype antibodies may also 
induce the formation of immunocomplexes [79], which are in turn 
triggers of the coagulation cascade by means of the engagement with Fc 
receptors [80]. This event may stack up against aPL-induced thrombo- 
philia, but evidence in support of such an association is lacking. 

Further research on the interconnectedness between aPLs and 
COVID-19 vaccines may help identify the subset of predisposed re- 
cipients who may be at higher risk of these rare but serious adverse 
events. 
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